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Abstract 
Concrete-filled-steel-tube (CFST) columns have been adopted due to its superior strength and ductility performance contributed by the 
composite action. However, this beneficial composite action cannot be fully developed at early elastic stage as steel dilates more than 
concrete and thereby causing imperfect interface bonding. Hence, it reduces the elastic strength and stiffness of the CFST columns. To 
resolve the problem, confinement in the form of tie bars is proposed in this study to restrict the lateral dilation of concrete and steel at 
initial elastic stage. In this paper, CFST columns of various dimensions, concrete strength and installed with tie bars were tested under 
uni-axial compression. From the results, it was evident that: (1) Tie bars could increase the axial load-carrying capacity (Maximum 16%; 
average, 5%) and decrease the strength degradation rate of CFST columns. (2) Tie bars were not effective in improving the elastic 
stiffness of CFST columns. (3) Tie bars were effective to limit the lateral deformation of the core concrete and the steel tube at the 
location of tie caps. However, the confining pressure decreased between tie caps at both horizontal and vertical planes. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Vilnius Gediminas Technical University. 
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1. 1. Introduction 
Concrete-filled-steel-tube (CFST) columns are becoming increasingly popular for column constructions of tall buildings 
due to the composite action between steel and concrete. By confining the core concrete with the steel tube, tri-axial state of 
concrete can be easily achieved. The steel tube can provide more uniform and continuous confining pressure than the 
transverse steel bars in the design of traditional reinforced concrete columns. Local buckling of steel tube can be prevented 
or at least delayed [1], [2], and the corrosion as well as the fire resistance of the steel tube can be improved [3]. Thus, CFST 
columns have higher strength to weight ratio, higher stiffness and show more ductile behaviour compared with the 
traditional reinforced concrete columns. By adopting high-strength concrete (HSC), the column size can be further reduced 
and higher strength to weight ratio can be achieved without jeopardising the ductility. From a practical construction point of 
view, it saves the construction materials; the steel tube acts as formwork such that no external formwork for concreting is 
needed, the construction cycle time can also be shortened. 
However, there is a major shortcoming of adopting CFST columns, which is the imperfect interface bonding between 
concrete and steel tube during initial elastic stage [4] because steel dilates more than concrete. This imperfect bonding will 
reduce the confining pressure provided by the steel tube and thus reduce the initial stiffness and elastic strength of columns. 
This situation is even worse for high strength CFST (HSCFST) columns as HSC is more brittle than normal-strength 
concrete (NSC) and may cause premature failure of columns: O’Shea and Bridge [5] illustrated that the lack of interface 
bonding would result in tube buckling in the early elastic stage (premature failure) for CFST columns filled with HSC of 
100 MPa. Moreover, Liao et al. [4] concluded that due to the lack of confining pressure provided by the steel tube, the 
concrete core would crush like the crushing of plain HSC, showing very brittle behaviour. To fully utilise the CFST 
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columns before concrete starts crushing, internal stiffeners and binding bars were proposed in the past [6], [7]. However, the 
installation of internal stiffeners was very difficult and would affect the concrete placing quality especially when the column 
size was small. The installing of binding bars required welding on the stiffening plate, the quality of which was difficult to 
control (see specimen C1). Hence, an alternative confining scheme by adopting tie bars is proposed in this paper to improve 
the interface bonding between concrete and steel tube. 
2. Experimental programme 
2.1. Details of specimens 
In this study, confinement in the form of tie bars is proposed for the CFST columns. To investigate the behaviour of the 
CFST columns with tie bars, a total of 24 CFST columns with different concrete strength and geometric properties have 
been fabricated and tested under uni-axial compression. The CFST columns are divided into 4 groups depending on the 
sectional properties and concrete grades, as shown in table 1. The outer diameter and height of all the steel tubes are 168.3 
mm and 330 mm respectively. In each group, one of the specimens was unconfined (i.e. without tie bars), which was to 
serve as control specimen for comparison purpose. The rest of the specimens were installed with tie bars provided at 
different spacing (i.e. 5t, 10t, 12.5t, 15t and 20t, where t is the thickness of the steel tube). The tie bars (diameter 8 mm and 
nominal yield strength 250 MPa) were all threaded and they were fabricated to be slightly longer than the outer diameter of 
the steel tube so that nuts could be installed at both of its ends to tighten them against the external face of the steel tube. The 
nuts were installed just tight and therefore no initial pre-stressing force was applied to the steel tube. At each level, a pair of 
steel ties was installed perpendicular to each other. The pair of ties was then rotated by 45 degree at the next level and the 
arrangement continued for the subsequent layers of ties. Details of the CFST specimens with tie bars are shown in Figure 1. 
A naming system was established to identify each of the specimens. The naming system consists of two alphabets and 
four numbers. For example, CT5-5-168-30 represents a CFST column specimen (indicated by the first letter “C”) confined 
by tie bars (indicated by the second letter “T”). The spacing of the tie bars is 5 times the thickness of the steel tube, i.e. 5t, 
(indicated by the first number “5”). The thickness of the steel tube is 5 mm (indicated by the second number “5”). The outer 
diameter of the steel tube is about 168 mm (indicated by the third number “168”) and lastly, the concrete cylinder strength is 
about 30 MPa on the testing day (indicated by the last number “30”). The CFST column without the provision of 
confinements is represented by CN0-5-168-30, where N0 stands for “no confinement”. 
Table 1. Cross-section and material properties of specimens 
Gr. 
No 
Specimens 
σsy  
(MPa) 
fc'  
(MPa) 
t  
(mm) 
S  
(mm) 
Nexp  
(kN) 
α 
Ecs  
(Gpa) 
β ε1 N1 ε2 N2 μ 
1 
CT5-5-168-30 365 29.1 5 25 2220 1.16 37.4 0.91 0.0030 1536 0.0500 2220 -14.5 
CT10-5-168-30 365 29.1 5 50 2044 1.07 34.3 0.84 0.0030 1418 0.0500 2044 -13.3 
CT12.5-5-168-30 365 29.1 5 62.5 2023 1.06 44.2 1.08 0.0030 1526 0.0500 2023 -10.6 
CT15-5-168-30 365 29.1 5 75 1987 1.04 38.2 0.93 0.0030 1502 0.0500 1987 -10.3 
CT20-5-168-30 365 29.1 5 100 1974 1.03 34.9 0.85 0.0030 1457 0.0500 1974 -11.0 
CN0-5-168-30 365 29.1 5 - 1908 1.00 40.9 1.00 0.0030 1583 0.0500 1908 -6.9 
2 
CT5-8-168-30 365 35.2 8 40 3003 1.07 57.4 1.03 0.0035 2076 0.0500 3003 -19.9 
CT10-8-168-30 365 35.2 8 80 2839 1.01 51.7 0.92 0.0035 2148 0.0500 2839 -14.9 
CT12.5-8-168-30 365 35.2 8 100 2843 1.01 55.3 0.99 0.0035 2249 0.0500 2843 -12.8 
CT15-8-168-30 365 35.2 8 120 2847 1.01 54.5 0.97 0.0035 2242 0.0500 2847 -13.0 
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CT20-8-168-30 365 35.2 8 160 2796 1.00 55.0 0.98 0.0035 2219 0.0500 2796 -12.4 
CN0-8-168-30 365 34.1 8 - 2810 1.00 55.9 1.00 0.0034 2435 0.0500 2810 -8.1 
3 
CT5-5-168-80 365 83.1 5 25 3334 1.14 53.8 1.01 0.0084 3334 0.0244 2746 36.8 
CT10-5-168-80 365 83.1 5 50 3016 1.03 58.5 1.10 0.0069 3016 0.0139 2461 79.3 
CT12.5-5-168-80 365 83.1 5 62.5 2984 1.02 53.0 1.00 0.0063 2984 0.0126 2442 86.0 
CT15-5-168-80 365 83.1 5 75 3048 1.04 51.3 0.97 0.0071 3048 0.0148 2556 63.9 
CT20-5-168-80 365 83.1 5 100 3048 1.04 48.4 0.91 0.0051 3048 0.0147 2580 48.8 
CN0-5-168-80 365 85.4 5 - 2926 1.00 53.1 1.00 0.0050 2926 0.0123 2154 105.8 
4 
CT5-8-168-80 365 75.2 8 40 3282 1.06 57.9 0.87 0.0107 3282 0.0446 3100 5.4 
CT10-8-168-80 365 75.2 8 80 3222 1.04 63.4 0.96 0.0089 3222 0.0192 3026 19.0 
CT12.5-8-168-80 365 75.2 8 100 3300 1.06 66.6 1.01 0.0095 3300 0.0192 2996 31.3 
CT15-8-168-80 365 75.2 8 120 3169 1.02 62.6 0.95 0.0083 3169 0.0158 2886 37.7 
CT20-8-168-80 365 75.2 8 160 3113 1.00 64.3 0.97 0.0092 3113 0.0162 2897 30.9 
CN0-8-168-80 365 75.2 8 - 3101 1.00 66.2 1.00 0.0067 3101 0.0162 2836 27.9 
Notes: σsy-steel tube yield stress; fc'-concrete cylinder strength; t-thickness of steel tube; S-spacing of tie bars; Nexp-axial load-carrying capacity; α-strength 
enhancement ratio; Ecs-initial stiffness; β-stiffness enhancement ratio; μ-strength degradation rate 
 
 
 
Fig. 1a. CFST column – Confined by the tie bars 
665 M.H. Lai and J.C.M. Ho /  Procedia Engineering  57 ( 2013 )  662 – 669 
 
Fig. 1b. Photos of tie confined CFST specimens 
2.2.  Test set-up and Procedure 
In this experiment, the SATEC Series RD Model with maximum load of 5,000kN and maximum travelling displacement 
of 100 mm was adopted for the uni-axial compression test. The details of the test set-up and instrumentation are shown in 
Figure 2. Three linear variable differential transducers (LVDTs) with 100mm stroke were installed to record the full length 
axial displacement of the CFST columns by measuring the relative displacement between the top and bottom loading 
platens. Three numbers of two-directional strain gauges (Tokyo Sokki Kenkyujo Co., Ltd) were installed at around the mid-
height of the external face of the tested specimens, which were 120° separated from each other at the centre of the section to 
measure the longitudinal and transverse strains. A circumferential extensometer with maximum measuring range of 6 mm 
was installed between two adjacent rows of tie bars to measure the tube dilation near the tie bars during the initial elastic 
stage. The extensometer would be removed when the lateral dilation was about to reach 6 mm.  
 
 
Fig. 2. Test set-up 
All the CFST columns were tested under displacement control. For CFST columns, the top surface was packed with a 
layer of gypsum before initial compression was applied to make sure the gypsum is in complete contact with the loading 
platen. After that, specimens would be unloaded and the test would start. The initial loading rate was 0.3 mm/min. The 
loading rate would then increase at a rate of 0.05 mm/min for every 2 mm increase in the axial displacement after the 
specimens had yielded. The loading application would stop when the axial strain was larger than 0.2, or when the applied 
load dropped to less than 70% of the measured maximum load, or when the applied load reached 90% of the machine 
capacity, whichever was the earliest. 
3. Test results 
3.1. Axial load against axial strain (displacement) curves 
The measured axial load is plotted against the axial strain (displacement) for the tested HSCFST columns in Figure 3. 
The axial load is obtained by the machine while the axial strain is obtained by the adjusted LVDTs reading [7]. From the 
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figures, it is observed that for the unconfined specimens, initially, the axial load increases as the axial strain increases 
linearly initially. As the strain increases further, the micro-cracks in the core concrete will develop rapidly and thus the 
Poisson’s ratio of it will become larger than that of steel tube. Thus, it activates the confining pressure, forming the elasto-
plastic branch. For the tie-confined CFST columns, the tie bars will provide initial confining pressure at the very beginning, 
i.e. the initial elastic stage, which can increase the elastic strength of the specimens. Compared between the normal-strength 
CFST (NSCFST) columns and the HSCFST columns, it is evident that HSCFST columns will have higher stiffness and also 
certain peak strengths at small strain (less than 0.01). The higher stiffness of HSCFST columns is because HSC has higher 
stiffness compared with NSC. The strength degradation observed in HSCFST columns rather than NSCFST is because HSC 
is more brittle than NSC. 
To study the effectiveness of confinement due to the provision of tie bars, the maximum axial load-carrying capacity 
Nexp, the initial stiffness Ecs and the strength degradation rate μ for all CFST specimens were recorded. The obtained values 
for all specimens are listed in Table 1. Nexp is defined as the strength corresponding to 0.05 axial strain for NSCFST 
columns and first peak strength for HSCFST columns. On the other hand, Ecs is calculated from the initial slope of the graph 
and divided by the total area of the specimens. μ is defined as: 
 1 2
1 2
N N−
μ = −
ε − ε
, (1) 
where N1 and N2 are respectively yield load [8] and load at 0.05 strain for NSCFST columns [9], whereas N1 and N2 are 
respectively the first peak load and the lowest measured load after reaching peak (slope = 0) for HSCFST columns; ε1 and ε2 
are strain corresponding to N1 and N2. 
The effects of adding tie bars on the enhancement of axial load-carrying capacity and the stiffness improvement are 
studied by the strength and stiffness enhancement ratios, α and β. The enhancement ratios were defined as the ratio of the 
strength (or stiffness) of the confined CFST columns to the respective value of the unconfined CFST columns. The 
enhancement is shown by the ratio summarised in Table 1. It is evident from the table that the addition of tie bars can 
improve the axial load-carrying capacity (maximum, 16%; average, 5%) and reduce the strength degradation rate (Table 1) 
of the CFST columns. This is because the tie bars can provide early confining pressure at the bolted location (tie cap) and 
hence limit the lateral dilation of the steel tube and the core concrete to some extent. However, it can also be observed in 
Table 1 that the provision of tie bars is not effective on the elastic stiffness. This is because the tie bars provide and only 
provide the largest confining pressure at the tie caps. Between tie caps, in both horizontal and vertical direction, the 
confining pressure will decrease. What’s worse, the installation of tie bars required drilling holes on the steel tube, which 
destroyed the original profiles of CFST columns and reduced the second moment of inertia of the columns. 
  
 
 
Fig. 3. Axial load against axial strain (displacement) curves of all CFST specimens 
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3.2. Lateral strain against longitudinal strain curves 
The effectiveness of providing tie bars to enhance the interface bonding can studied by plotting the lateral strains 
measured by circumferential extensometers (M1) or strain gauges on the exterior surface of steel tube (M2) against axial 
strain of the CFST specimens during initial elastic stage. The Poisson’s ratios of the specimens were calculated by the slope 
of the initial straight line portion of the lateral strain against longitudinal strain curves and the results are listed in Table 2. 
The curves of lateral strain plotted against axial strain for specimens in Group 3 are shown in Figure 4. The lateral strains 
measured by M1 were obtained by dividing the circumferential expansion by the circumference of the steel tube. The lateral 
strains by M2 were obtained by averaging the values of three strain gauges on the steel tubes. The axial strains were 
obtained by the adjusted LVDTs readings. From the table, it can be seen that the Poisson’s ratios of the tie-confined CFST 
columns obtained from M1 are closed to the initial Poisson’s ratio of concrete (~0.2), whereas the Poisson’s ratios of the 
columns obtained from M2 are much larger than that of concrete. This indicates that the tie bars were able to restrict the 
lateral dilation of the specimens. For the unconfined CFST columns, Poisson’s ratios of columns obtained from M1 and M2 
are similar, which are approximately equal to the Poisson’s ratios of steel tube (~0.3). Compared with the confined and 
unconfined specimens, it can be concluded that the interface bonding condition is improved by the tie bars. This is due to 
the fact that early confining pressure provided by the tie bars can restrain the dilation of the steel tube and core concrete at 
the very beginning. 
3.3. Failure modes 
Figure 5 shows the failure modes of HSCFST columns with or without tie bars. 
                                                                         Table 2. Poisson’s ratio 
Group No. Specimens M1 M2 
1 
CT5-5-168-30 - * 
CT10-5-168-30 * * 
CT12.5-5-168-30 * * 
CT15-5-168-30 0.283 0.318 
CT20-5-168-30 * * 
CN0-5-168-30 0.294 0.32 
 
CT5-8-168-30 - 0.36 
CT10-8-168-30 0.217 0.279 
CT12.5-8-168-30 0.236 0.302 
CT15-8-168-30 0.166 0.274 
CT20-8-168-30 0.215 0.31 
CN0-8-168-30 0.285 0.295 
 
CT5-5-168-80 - 0.266 
CT10-5-168-80 0.156 0.292 
CT12.5-5-168-80 0.217 0.26 
CT15-5-168-80 0.229 0.329 
CT20-5-168-80 0.168 0.291 
CN0-5-168-80 0.318 0.297 
4 
CT5-8-168-80 - 0.298 
CT10-8-168-80 0.2 0.279 
CT12.5-8-168-80 0.133 0.298 
CT15-8-168-80 0.248 0.276 
CT20-8-168-80 0.259 0.267 
CN0-8-168-80 0.328 0.308 
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For unconfined CFST columns, it could be observed from Figure 5a that local buckling occurred at the top and bottom of 
the steel tube, which was due to the “end effect”. For the tie-confined NSCFST columns, besides “end effect”, the tie bars 
would fracture at large strain. For the tie-confined HSCFST columns, longitudinal crack formed on the steel tube, which 
was initiated from around the mid-height of the columns furthest away from the ends, and extended vertically along the 
openings, which indicated large tensile splitting stress concentrated near the tie caps. 
 
Fig. 4a. Lateral strain by extensometer against longitudinal strain (CTn-5-168-80) 
Fig. 4b. Lateral strain by strain gauges against longitudinal strain (CTn-5-168-80) 
(a) (b) (c)  
Fig. 5a, b, c. Failure mode of CFST columns without confinement / NSCFST columns with tie bars / HSCFST columns with tie bars 
4. Conclusions 
From the experimental results, the following conclusions can be drawn: 
• Tie bars could increase the axial load-carrying capacity (Maximum 16%; average, 5%) and decrease the strength 
degradation rate of CFST columns. 
• Tie bars were not effective in improving the elastic stiffness of CFST columns. 
• Tie bars were effective to limit the lateral deformation of the core concrete and the steel tube at the location of tie caps. 
However, the confining pressure decreased between tie caps at both horizontal and vertical planes. 
• For unconfined CFST columns, “end effect” of steel tube occurred close to the bottom of the specimens. For tie-confined 
NSCFST columns, tie bars would fracture under large axial strain. For tie-confined HSCFST columns, longitudinal 
cracks of steel tube were observed near tie caps. 
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